It is useful to combine hover and forward flight capability of air vehicles into a hybrid design. This paper discusses the development of one such hybrid air vehicle: Quadrotor biplane. The proof-of-concept vehicle weighs 240 grams and consists of four propellers with wings arranged in a biplane configuration. The performance of the propeller-wing was investigated in non-axial flow conditions through a systematic series of wind tunnel experiments. The effect of the wing on propeller slipstream and vice versa significantly changed the magnitude of vertical and horizontal forces when compared with the forces produced by an isolated propeller. Accounting for these effects, trim analysis showed that the maximum speed of 11 m/s at 0 deg shaft angle and a cruise speed of 4 m/s at 18 deg shaft angle was achievable. The cruise power was approximately one-third of that required for hover. Free flight testing of the proof-of-concept vehicle successfully showed feasibility of vehicle to achieve equilibrium transition flight. In order to improve performance, a few key design parameters such as airfoil profile, wing aspect ratio, biplane wing spacing and offset between propeller axis and wing chord were also experimentally investigated. It was found that a careful trade-off between efficiency and compactness affects the final choice of the design.
INTRODUCTION
The potential applications for micro and unmanned aerial vehicles (M/UAVs) in areas of surveillance, reconnaissance, weather monitoring and medical delivery, to name a few, has increased greatly in the last few years. Along with this, the rapid progress in micromechanics and microelectronics has brought about significant interest in the development of unammed aerial systems that can efficiently accomplish such tasks. For many of these missions, aerial systems are required to have the ability to hover as well as rapidly cover a significant range between two locations. Most of the existing micro air vehicles can be broadly classified into fixed-wing and rotary-wing type. Fixed wing MAVs can efficiently perform high cruise-speed missions. However, rotary wing MAVs are more suited for low speed loiter and hover tasks. Therefore, it is of interest to combine the fixed and rotary wing capabilities into a single hybrid air system ( Fig. 1) .
Various hybrid UAV configurations have been explored in the past such as tail sitters, tilt-wing, tiltrotor, fan-in-wing and others [1] [2] [3] [4] [5] [6] [7] [8] . The advantages of tilt-rotor, tilt-wing and fan-in-wing configurations are that the fuselage orientation remains fixed in VTOL and forward flight mode. However, these systems are mechanically complex involving multiple moving parts. The tail sitter configuration is simpler in construction and the entire body tilts as the vehicle transitions from hover to forward flight. This however involves the operation of single or multiple propellers in conjuntion with aerodynamic surfaces that are activated in the downwash of the propellers to generate pitching moments for maneuvering in the various flight modes. As a result, for adequate control forces, high propwash velocites are required. This may not be desirable for lightweight MAV designs.
Additionally, efficiency in hover mode would deteriorate significantly at these high disk loadings. Therefore, a quadrotor-biplane configuration is proposed (Fig. 2) as an alternate hybrid MAV design concept. The advantages of this configuration are: (1) the maneuverability of a quad rotor is utilized in hover, (2) pitching moments to enter and come out of the transition is generated entirely by the relatively large control authority offered by differential rotor thrust, (3) increased compactness with biplane configuration, and (4) simple construction.
The utility of these systems is greatly improved if the transition maneuver from hover to forward flight can be achieved in a smooth manner without any loss of altitude ( Fig. 5 ). This is referred to as equilibrium transtition and it implies that the forces and moments are balanced at every stage of transition. Experimental and numerical studies have been conducted in the past to study equilibrium transition mode of tail sitters [9] [10] [11] [12] 16] . However, systematic studies on the performance of microscale wing-propeller systems in nonaxial flow have been limited. In this paper, these issues are addressed, which can be important in the understanding and implementation of design and control laws for these class of vehicles. Additionally, the paper explores a couple of important design parameters pertinent to the proposed vehicle design that can be later used for comprehensive design analysis.
The outline of the paper is as follows. A brief description of the vehicle design and integration is initially provided. The performance results of the propeller-wing system in axial and non-axial flow from a series of wind tunnel tests are discussed. Following this, the conditions to achieve equilibrium transition are extracted. A few important design parameters such as choice of airfoil profile, wing aspect ratio, biplane wing spacing and propeller-wing offset are systematically investigated. Finally, a brief description of constrained and free flight testing of the quad biplane vehicle to achieve transition flight is presented.
MODES OF FLIGHT
The conceptual design of the vehicle is shown in Fig. 2 . It consists of two pairs of counter rotating propellers arranged in a quadrotor configuration. Two wings are affixed below each pair of rotors through a set of attachments. The various operating modes of the vehicle concept are shown in Fig. 5 . Vertical take-off and landing operations are performed through quad-rotor mode. Transition is attained through pitching moment provided through RPM variation of the propellers. As the vehicle enters horizontal flight mode, at sufficiently high speeds, the loads are transferred to the wings. It is seen that one of the main utility of this configuration is that the quadrotor control methodology is retained in both hover and forward flight modes with no redundant actuators. To understand how control is achieved at these different modes, consider the schematic shown in Fig. 3 . The pitch,roll and yaw axes are defined based on the inertial frame in hover mode and are invariant to transition. Therefore it can be seen that as the vehicle transitions from hover to forward flight, the roll and yaw axes change with respect to the body frame of reference. This is illustrated in Fig. 4 . It can be seen that while the pairs of rotors to the left and right induce roll motion in hover due to thrust differential, roll control in forward flight (or fixed wing mode) is achieved by differentially changing the RPM of the diagonal pairs of rotors through torque differential. The opposite is true for yaw control. The roll and yaw control inputs can be adjusted in real-time by monitoring the inertial angle of attack, α. Thus, banking and turning can be achieved in any mode through the available control moments. Using this, it is also envisaged that associated gyroscopic forces and propeller slipstream effects during these maneuvers can be handled appropriately.
PROOF OF CONCEPT DESIGN AND INTEGRATION
A proof-of-concept vehicle was developed using the proposed design ( Figure 6 ). The wings were constructed from low density polyurethane foam using a high lift, low Reynolds number airfoil (S1223). The wing chord was aligned along the propeller axis. The wing span and aspect ratio are 0.56 m and 5.5 respectively and are spaced about 0.25 m apart. The gross weight of the vehicle is about 240 grams, and a weight breakdown is provided in Table 1 . The battery and onboard microcontroller are incorporated in the center of the vehicle. For propulsion, a 2000 kV Hextronix Brushless outrunner motor (no gearbox) was used with a Turnigy 6-A electronic speed controller.
A. Choice of Propeller
Based on previous rotary wing micro air vehicle designs [13, 14] , a hover disk loading below 70 N/m 2 was found to be appropriate for satisfactory performance. To assess hover and axial flow performance, a representative set of propellers were chosen for comparison: (1) 5×3 GWS 3-blade, (2) 6×3 GWS 3blade, (3) 6×5 GWS 2-blade, and (4) 7×3.5 GWS 2-blade. These propellers were tested on a micro rotor stand in hover and axial conditions in front of an open jet wind tunnel setup. The hover performance of all these propellers was found to be satisfactory with a power loading of about 11-12 grams/W. However the GWS 2 bladed 6×5 propeller was found to have the best propeller efficiency of 0.67 at high advance ratios. Owing to this superior axial flow performance and a satisfactory hover power loading, the highly twisted 6×5 GWS propeller was chosen to be incorporated in the vehicle. 
PERFORMANCE OF THE PROPELLER-WING SYSTEM
The quad rotor biplane will have to operate in various flight modes: hover, forward flight and transition. Therefore, it is important to investigate the aerodynamic performance of the propeller-wing system at various stages of transition: from 90 deg (helicopter mode) to 0 deg (fixed-wing mode). Wind tunnel testing of the complete vehicle would prove cumbersome due to wind tunnel contraction effects. Therefore, assuming minimal interaction effects between the propellers, a single propeller with a proportionally scaled wing (0.28 m span, 0.1 m chord) is considered, which represents exactly one quarter of the vehicle in terms of size and force requirements. The gross weight of the integrated vehicle is 240 grams which results in vertical force requirements for a single propeller-wing system to be 0.6 N. This section discusses performance results from the following experiments: (1) isolated propeller tested in non-axial flow, (2) propeller and wing system tested in non-axial flow, and (3) trim analysis
A. Isolated Propeller in Non-Axial Flow
Based on the vehicle design operation, it is important to study the performance of the propeller at various angles of transition between these modes. From these, the key differences that may arise when a wing is added to the propeller system can be extracted as well. Figure 7 shows a schematic of the forces generated by a propeller in non-axial flow. It can be expected that the components of the force in the vertical and horizontal direction differ significantly between the wind-on and wind-off cases. Figure 8 shows the experimental setup to measure propeller performance in non-axial flow. In order to measure the vertical force, horizontal force and torque along the propeller axis, a six component force transducer (ATI-Nano-17, [15] ) was attached to one end of the propeller shaft and motor. It had a force resolution of 1/160 N and torque resolution of 1/32 N-mm. The maximum range was 12 N and 120 Nmm for the force and torque respectively. The calibration constants for the various forces were measured to be: 0.088 N/V (Horizontal Force), 0.17 N/V (Vertical Force), 0.55 N-mm/V (Pitch,roll moment) and 0.635 N-mm/V (Yaw moment/Propeller torque). The force transducer utilized an interface/power supply box attached to a National Instruments USB DAQ device (NI USB-6251). The setup was also incorporated with a Hall sensor to determine the propeller frequency with an accuracy of about 0.5 Hz. The data from the signal conditioning unit was processed in a basestation using a LabView interface for real-time measurement. The forces from the transducer were resolved perpendicular (vertical) and parallel (horizontal) to the mean flow velocity and the mechanical power required to drive the propeller was also measured. The wind speed was varied from 0 to 10 m/s and the shaft angles ranged from 0 to 90 degrees in 6 degree increments. The tare forces (without propeller) were measured prior to operation at each wind speed and were appropriately corrected for in the measurements. It is noted that the setup is mounted on a stand that can be adjusted for both height and distance from the wind tunnel section. Therefore at different shaft angles, the stand was appropriately adjusted to maintain the center of the propeller approximately 0.05 m in front of and about 0.2-0.3 m above the base of the wind tunnel section (to minimize wall effects). Figure 9 shows variation of vertical and horizontal forces with wind speed at two different shaft angles at 6500 RPM. It can be seen that close to helicopter mode (84 deg), the variation of the forces with wind speed is not significant. However as the shaft angle reduces, the component of inflow through the propeller disk increases. Consequently, the horizontal force decreases significantly with wind speed at 6 deg shaft angle. Additionally if we compare the power required to generate a given vertical force ( Fig. 10 ) we can see that the power requirements increase signficantly. For example, in hover mode, 4.2 W is required to produce 0.6 N of vertical force whereas up to 8.4 W is required at a 42 deg angle to achieve the same force. Therefore in order to move rapidly in an efficient manner, lift augmentation is required. 
B. Propeller-Wing System in Non-Axial Flow
In order to measure the combined effect of propeller and wing operating at various stages of transition, the experimental setup was modified as shown in Fig. 12 . The wing was installed such that the chord was parallel to the propeller rotation axis. The offset between plane of the propeller and leading edge of the wing was about 3.8 cm. The rest of the conditions were maintained the same as in the isolated propeller tests. It is noted that when the upstream flow is initiated, the tare values (which includes wing lift and body drag) were removed prior to installing and operating the propeller. Hence the measured forces are the gross effect of operating the propeller with a wing in its downwash in the presence of external flow at various shaft angles. This is illustrated in Fig. 11 . Let F be the force produced by an isolated propeller and F′ be the force produced by the propeller-wing system after removing the effect of isolated wing lift and body drag. Then,
where F wing→prop , F prop→wing are interaction effects between wing and propeller. In this section, the effect of speed and angle of transition on F′ is studied and key comparisons with the forces produced by an isolated propeller are made. Figure 13 compares the forces produced by the isolated propeller (F ) and propeller-wing system (F′) at various shaft angles at 6.2 m/s and 6500 RPM. For purposes of clarity, results for other conditions are excluded, but it is noted that the trends remain similar. It can be seen that the vertical force production for the propeller-wing case is uniformly greater than that for the isolated propeller, while the horizontal forces are lower. These significant differences may possibly be explained by the effect of propeller slipstream on wing and vice versa. In non-axial flow conditions, the momentum of the upstream flow is changed in both magnitude and direction by the induced flow generated by the propeller. However, if a wing is placed in the downwash, the direction of the upstream momentum is changed to a greater extent which can be attributed to the turning effect on the flow by the presence of the wing. This is similar to the effect of diffuser on a ducted fan operating in cross-flow conditions. As a result, the magnitude of the force perpendicular to the propeller shaft increases. Another factor is the Vikram Hrishikeshavan, Christopher Bogdanowicz and Inderjit Chopra 161 effect of propeller slipstream on the forces generated by the wing, which induces an increase in velocity over a portion of the wing surface (( Fig. 14) ). A combination of these effects may be responsible for the significant differences in the forces as seen in Fig. 13 .
C. Trim Analysis
The performance results discussed previously can be used to determine the forward flight capabilities of the complete system. In order to achieve equilibrium transition, the forces as shown in Fig. 15 would have to be balanced at each stage of transition (or shaft angle, α). After accounting for the tare forces (wing lift and bluff body drag), estimates of velocity and required propeller RPM at various shaft angles can be obtained from an analysis of trim conditions based on the wind tunnel measurements. From this, the shaft angle and RPM are adjusted so as to satisfy the trim conditions (horizontal force = 0 and vertical force = body weight). Figure 16 shows the speed that is achieved at different stages of equilibrium transition. A steady monotonic decrease in wind speed as a function of shaft angle can be seen. At a shaft angle of about 6 degrees, the vehicle should travel at about 7 m/s to achieve trim. At 0 degrees, a velocity of 11 m/s is required for trimmed flight. Based on the propeller RPM variation, the required power for trimmed flight can also be extracted and is shown in Fig. 17 . While the hover power is 5 W, it drops to as low as 1.5 W at a speed of about 4-4.5 m/s. This is about one-third of the power required in hover condition. The maximum speed that can be sustained in horizontal flight is dependent on installed power. For the present case, it is about 11 m/s requiring 10 W of power which is twice that of hover power. It is noted that the power considered here is the mechanical power acting on the propeller shaft and not the electrical power that would be supplied by the battery.
EFFECT OF DESIGN PARAMETERS
The basic performance, power requirements and feasibility of the wing propeller system in non-axial flow conditions was described previously. In this section, a few design choices that would influence system performance are systematically investigated, such as (1) airfoil profile, (2) wing aspect ratio, 
A. Airfoil Selection
For the given design, the vehicle would be operating at low Reynolds number regimes with large variations in angles of incidence in its flight profile as well as incorporating low aspect ratio wings. Therefore, it is very important to choose an efficient airfoil profile. A few candidate low Reynolds number airfoils that produced high C L and C L /C D values (at Re 50,000) were chosen from the UIUC airfoil database. These are shown in Fig. 18 .
• Selig S1223: This is a high lift low Reynolds number airfoil ( Fig. 18 a) with a maximum thickness of 12.1% and a camber of 8.1% (C m 0 = 0.24).
•
Gottingen GOE225: The Gottingen 225 airfoil is shown in (Fig. 18 b) with a maximum thickness of 12.8% and camber of 7.6% (C m 0 = 0.2). As can be seen, this is similar to the S1223 airfoil.
• Wortmann FX63-100: As can be seen from ( Fig.18 c) , the maximum thickness-to-chord is lower (about 9.9%) and the camber is 4.3% (C m 0 = 0.07).
In order to measure the performance of the airfoils, an experimental test stand was developed as shown in Fig. 19 . The stand consists of a variable angle base plate that is divided into 180 degrees in 3 deg. increments. The rotating and non-rotating plates were locked at desired angle settings using a lock pin. Wings with the specific airfoil profiles were machined out of extruded polypropylene and a quarter inch aluminum rod was installed at quarter chord along the length of the wing. Due to the low density of the wing material, there was a tendency for the wing to exhibit large vibratory motion during tests. Therefore, the dimensions of the rod were carefully chosen to prevent undesirable vibrations. A coupling piece was used to interface the 6DOF load sensor and the rotating base-plate with the aluminum rod. The test stand was then mounted in front of the open jet wind tunnel as shown in Fig.20 . The wings had an aspect ratio of about 3.8 (17" × 4.5"). Care was also taken to place the wing within the 18 0 wind tunnel contraction zone. The wind speed was varied from 0 to 10 m/s with an angle sweep from -30 0 to 45 0 in steps of 3 0 . The lift and drag measurements for each airfoil section, wind speed and angle of attack was averaged from three measurements. The measurement errors for wind speed and forces were about 0.1 m/s, 0.02 N respectively. For comparison, the lift and drag measurements were non-dimensionalized into the lift and drag coefficients. It should be noted that these coefficients are calculated for the wing and do not represent the 2-D values. A comparison between different aspect ratios is performed later to evaluate 3-D effects.
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The lift and drag coefficient variation is compared for the three airfoils at a representative Re = 45,000 (V = 6.2m/s) and is shown in Fig. 21 . As can be seen from Fig. 24a , the 8.1% cambered S1223 airfoil consistently produced higher lift at all angles of attack. However, the drag for the FX-63 airfoil was the least as shown in Fig. 24b . Based on the drag polar plot (Fig. 21c ) it can be seen that the FX-63 had the best performance (maximum C L /C D ≈ 5.5) when compared with the other airfoils (max C L /C D ≈ 4). Additionally the variation of C L /C D vs. C L was approximately uniform over a wider range of C L values. The relative performance of the airfoils was measured to be similar at other Reynolds numbers (20,000 to 60,000) that were studied as well. This is important since the Reynolds number varies with equilibrium angle of attack and wind speed. It must be mentioned that during actual vehicle operation, most of the wing operates within the propeller downwash. Therefore it is important to choose an efficient airfoil with low drag characteristics and sufficient lift capability. Based on the above discussion, the FX-63 airfoil was chosen for further investigation.
B. Effect of Aspect Ratio
One of the concerns in the vehicle design is the trade-off between efficiency and compactness as illustrated in Fig. 22 . Incorporating a low aspect ratio wing has the advantage of compactness but its performance is expected to be lower than a wing with higher aspect ratio. While the trade-off in compactness is clear, the differences in performance at these low Reynolds number regimes is less obvious. Therefore, the performance of a few representative wings with aspect ratios 3.8 (original), 2.4 and 1 (Fig. 23) was measured and compared. It is noted that this is different from the aspect ratio of 5.5 selected for the prototype vehicle. However it is within range of the aspect ratio for the one-quarter propeller-wing system which was studied in the wind tunnel. The wing area was maintained at approximately 0.05 m 2 . Another way of examining effect of aspect ratio is to keep the wing span constant and vary the chord. However, since the wing area is not invariant in this case, the gross effects on equilibrium speed and shaft angle would be significantly affected. To avoid this, the wing area was kept constant.The experimental setups shown in Figs. 19 and 20 were used for the aspect ratio tests as well. Figure 24 shows the variation of C L with α for two different wind speeds and wings with aspect ratios 1 and 2.4. The C L -α variation for the 3.8 aspect ratio wing is shown in Fig. 21a . It can be seen that the C L -α slope increases with aspect ratio as expected. It must be mentioned that since the Reynolds number is based on wing chord, the lower aspect ratio wing operates at higher Re for the same wind speed. This could probably explain the higher values of C L at lower aspect ratios for a given wind speed. Thus, it is not easy to unravel the effect of Reynolds number through aspect ratio alone. The drag polars are compared in Fig. 25a at similar Re. It can be clearly seen that the performance improves as aspect ratio increases. However, the difference in performance between AR=2.4 and AR=3.8 wings appears to be less significant. From a vehicle operation perspective, it is more meaningful to compare performance at the same wind speed (instead of Re). As can be seen from Fig.  25b the differences in performance between the larger aspect ratio wings is negligible. Therefore it can be argued that from a standpoint of compactness and efficiency, a wing with aspect ratio of 2.4 can be incorporated. A future direction intended to be pursued with this study is to examine the effect of propeller slipstream on wing performance. This would provide a more realistic comparison between high and low aspect ratio wings as applicable for the present vehicle design. 
C. Wing Spacing
Since the vehicle operates in a biplane configuration, it is also important to measure the effect of wing spacing on the lift and drag produced. In order to do this, two FX-63 wings with an aspect ratio of 2.4 (wing chord = 0.14 m) were chosen and attached to coupling struts and the system was then mounted in front of the open jet wind tunnel as shown in Fig. 26 . The wing spacing, r, was varied from 7 in (0.18 m) to 11 in (0.28 m) in steps of 1 in (2.54 cm) and both the wing chords were installed parallel to each other. The angle of incidence and wind speed variation were the same as that for the previous experiments. The net lift and drag of the system were measured as shown in Fig. 26 . The drag force from the exposed linkages were carefully removed from the total forces through a separate set of tare tests. It must be noted that since both the wings were pivoted about a central point, a change in angle of incidence would result in a negative stagger (top wing behind the bottom wing). This was intended to simulate actual vehicle operating conditions. Lift and drag coefficients were extracted from the measured forces using the total biplane wing area (A Biplane = 2A wing ) as shown in Eq. 2.
(2) Figure 27 shows the net lift and drag coefficient variation with angle of incidence for the biplane configuration for these wing spacings. It can be clearly seen that the effect of decreased wing spacing is to reduce lift (Fig. 27a ). For example, at an angle of incidence of 10 0 , the lift produced with 0.18 m spacing is about 15% lower than that for the 0.28 m spacing. However the differences in drag are negligible. The performance difference can also be seen from the drag polar plot (Fig. 27c ). From a comparison between Figs. 25b and 27c , it is also interesting to observe that the net lift coefficient for the biplane configuration with 0.28 m spacing is only about 10% lower than that produced by a single wing. Based on the above observations, a wing spacing of at least 1.5c is desirable, where c is the wing chord. However, if a low aspect ratio wing (higher wing chord) is required, such wing spacing constraints may not be met and a trade-off in efficiency is to be expected.
D. Propeller Shaft Offset
It was seen earlier that the interaction effects between the propeller and wing are significant. In the design space considered in this study, the effect of offset between propeller shaft and wing chord on the forces generated is studied. Other parameters such as offset between propeller plane and wing leading edge and direction of propeller rotation will be investigated in the future. One of the motivations of this study is to improve compactness which is possible by reducign wing span. The constraint for the span is then set by the dimensions of the propeller. Therefore, for these tests the entire wing was installed within the downwash of the propeller. As a result, for a 6" (0.15 m diameter prop, an FX63 wing with dimensions of 6" (0.15 m) span × 4.5" (0.11 m) chord was tested. Also, the results pertain to the single propeller-wing combination. The offset is defined as the perpendicular distance between the propeller shaft and wing chord as shown in Fig. 28 . The setup was tested for the following shaft axis placements: (1) 2.54 cm below wing chord, (2) along wing chord, and (3) 2.54 cm above wing chord. The propeller RPM and shaft angle were varied from 2000 RPM to 5000 RPM and from 0 0 to 45 0 respectively. The forces measured by the load sensor were resolved perpendicular (Lift) and parallel (Thrust) to the mean free stream velocity. For purposes of clarity, the results are shown in dimensional form for a wind speed of 6 m/s and three shaft angles. In Figure 29 , the effect of offset on thrust and lift are shown for three different shaft angles at 6 m/s is shown. It can be seen that for all offset values, as observed earlier the net thrust reduces and net lift increases as shaft angle is increased. It is interesting to note that for almost all cases, when the propeller is positioned above the wing chord, the thrust and lift produced are lower. At a shaft angle of 300 and propeller RPM of 4000, when the propeller is placed 2.54 cm above wing chord, the lift produced is about 10% lower than that for the other positions. However the difference between 0 and -2.54 cm offset appears to be less significant (measurement error in forces was about 0.03 N). Overall,
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International Journal of Micro Air Vehicles the placement of the propeller axis along wing chord was seen to be a suitable design condition. It may be observed that due to the low aspect ratio of the wing, the 3D effects might mask the influence of offset. Additional investigation is required to address this issue which is presently out of the scope of the article. 
FLIGHT TESTING
The previous sections discussed the aerodynamic performance of the propeller-wing system in nonaxial flow and influence of a few key design parameters. It was seen that the propeller-wing system could generate adequate forces for level transition flight from helicopter to forward flight mode. In order to verify the feasibility of the quad biplane configuration to perform the transition maneuver, flight testing of the vehicle was performed. The vehicle configuration as shown in Fig. 2 was used for flight testing purposes. The control system development and implementation is described in further detail in Ref. [15] .
A. Control Methodology
In order to augment stability and for transition flight control, a lightweight onboard avionics platform is integrated in the vehicle. The principal components of the board are a TI MSP430 microprocessor for onboard computation tasks, tri-axial gyroscopes and accelerometers, and an ATMEL radio and antenna for wireless communication tasks. Since the vehicle undergoes large changes in pitch angles of upto 90 degrees, a quaternion based feedback controller was implemented. Here, the feedback states included the body rotation
B. Hover Testing
The quaternion based controller was tested for its ability to maintain stable hover. A proportional derivative controller was implemented with the quaternion and attitude rate states held close to zero.
As can be seen from the wind tunnel trim analysis ( Fig. 16 ), the attitude for hover is not 90 degrees. This is due to a lateral force generated by the effect of propeller slipstream over the wing surface. Therefore, the shaft angle was trimmed to generate horizontal component of thrust to counteract this lateral force ( Fig. 30 . It was measured to be within 5 degrees from vertical which agreed well with Fig.  16 . As can be seen from Fig. 31 
C. Transition Flight Testing
The performance of the controller to non-zero pitch inputs was investigated through a systematic series of bench top tests. Figure 32 shows the quad rotor biplane mounted on a pitch bearing. The response of the vehicle to control inputs is shown in Fig. 33 . As can be seen, there is a good tracking of the command in pitch (red) while the roll (green) response is negligible. The response of the controller was seen to be satisfactory. Finally, free flight transition was performed with the vehicle initially being flown in hover position. Subsequently, the pilot issued a pitch-forward command. The throttle was held close to the hover value throughout the transition. The vehicle transitioned smoothly and quickly from helicopter to forward flight mode within about 2 seconds. It went on to proceed in forward flight mode.
An average speed of about 7 m/s was observed from analysis of video data. The sequence of events is shown in Fig. 34 . Another sequence of events of transition from forward flight back to hover is shown in Fig.35 where a pitch-back command was given. It is noted that since the throttle value was held the same as during forward flight, an excess lift was generated as the vehicle returned back to hover attitude. Consequently an increase in altitude was observed. Further tests will be conducted to determine throttle modulation to obtain transition flights in both modes without change in altitude. Measurements revealed significant interaction effects between propeller and wing at all angles of transition. The vertical force and horizontal force produced by the propeller-wing system was uniformly higher and lower respectively when compared to isolated propeller system. This difference could be attributed to the combined effect of wing on propeller slipstream (effecting a greater change in direction of momentum) and effect of propeller downwash on wing generated forces. Trim analysis showed that the maximum speed and cruise speed (speed at which minimum power is required to sustain steady, level flight) achievable by the proof-of-concept system were 11 m/s and 4 m/s respectively. The maximum power required during cruise is approximately one-third of that required for hover.
Effect of some selected design parameters on performance were investigated such as airfoil profile, wing aspect ratio, biplane wing spacing and offset between propeller shaft and wing chord. A comparison between three relatively efficient high lift low Reynolds number airfoil showed that the 4.5% camber FX-63 airfoil had the best efficiency at low angles of attack. It was found that the difference in performance between wings with aspect ratios of 3.8 and 2.4 was found to be negligible. A biplane wing spacing of at least 1.5c may be required to have least impact on performance. However,
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International Journal of Micro Air Vehicles if a low aspect ratio wing (higher wing chord) is required, such wing spacing constraints may not be met and a trade-off in efficiency is to be expected. Finally, it was seen that placement of the propeller axis along the wing chord provided the best performance. The above design space can be further expanded and made comprehensive for future design optimization studies. Flight testing showed that the quaternion controller effectively stabilized the vehicle in hover, forward flight and transition states. Succesful level transition flights were obtained with a ramp pitch input and hover thrust level. A flight velocity of about 7 m/s was attained with a shaft angle of close to 5 deg from horizontal. This correlated well with predictions from the trim analysis.
